1 RESEARCH T he common bean (Phaseolus vulgaris L., 2n = 2x = 22) is a self-pollinating annual legume crop with a small diploid genome size of 521.1 Mb (Schmutz et al., 2014) . It is among the most important food legumes for direct human consumption and is a cheap source of protein, conferring nutritional security to poor people in eastern and southern Africa (Broughton et al., 2003; Katungi et al., 2009 ). However, in Africa, the crop is grown under low-input agriculture systems and the productivity is hampered by different production constraints, the most important of which is its susceptibility to biotic and abiotic stresses (Miklas et al., 2006; Beebe, 2012) .
Two major storage insect pests, namely, Zabrotes subfasciatus (Boheman) and Acanthoscelides obtectus (Say), are the major common bean production constraints at a global level (Cardona and Kornegay, 1999; Cardona, 2004) . The former is known to cause significant qualitative and quantitative losses to stored
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ABSTRACT
The common bean (Phaseolus vulgaris L.) is among the most important grain legume crops in Africa. However, the common bean grain is heavily damaged by the Mexican bean weevil (Zabrotes subfasciatus Boheman). This study was conducted to determine the population structure and genome-wide marker-trait associations of bruchid resistance in the common bean. The phenotypic diversity and population structure of 297 genotypes were analyzed, using the Illumina BARCBean6K_3 SNP BeadChip. The genotypes consisted of landraces, released varieties, breeding lines, and Mexican bean weevil resistant lines. A population structure analysis based on a Bayesian genotype clustering approach classified the 297 genotypes into two subpopulations, namely, Middle American and Andean. Similar population patterns were also observed using principal component analysis. The genomewide association study analysis identified 24 single-nucleotide polymorphisms (SNPs) on nine chromosomes, with a significant (P < 0.05) association with the percentages of adult emergence and seed weight loss. The SNPs located on Pv4 and Pv7 were significantly (P < 0.001) associated with the two traits. Other significant SNPs were identified on other chromosomes of the common bean, but none of them was above the cutoff point (1.00 ´ 10 −4
). Therefore, further verification of the SNPs that have a significant marker-trait association at P < 0.05 will be vital, and accessions with these SNPs may be useful as parental materials.
common bean seeds in Ethiopia (Tadesse et al., 2008) and elsewhere in Africa (Nchimbi and Misangu, 2002) . Losses of 60% after 3 to 6 mo of grain storage have been reported in Ethiopia (Getu et al., 2003) , because proper control measures have not been put in place. Farmers have been using different management options to minimize the losses, including the use of multiple cultural practices and synthetic insecticides. However, the use of chemical insecticides has recently become more common in most parts of Ethiopia (Tadesse et al., 2008) . The use of host plant resistance provides a better option for managing storage bruchids in the common bean, as chemicals have many negative side effects relating to sustainability, environmental pollution, and food safety.
More effective breeding for bruchid resistance is possible with a better knowledge of the magnitude and pattern of genetic diversity in the source genetic material. With the current advances in molecular markers, a number of studies have been conducted to assess genetic diversity, population structure, and genome-wide association in the common bean. A wide range of molecular markers, including restriction fragment length polymorphisms (RFLPs; Velasquez and Gepts, 1994; Freyre et al., 1998) , random amplified polymorphic DNA (RAPD; Beebe et al., 2000; Durán et al., 2005) , inter simple sequence repeats (ISSRs; González et al., 2005; Dagnew et al., 2014) , amplified fragment length polymorphisms (AFLPs; Beebe et al., 2001; Papa and Gepts, 2003) , simple sequence repeats (SSRs; Blair et al., 2007 Blair et al., , 2009 Blair et al., , 2010a Asfaw et al., 2009; Kwak and Gepts, 2009; Burle et al., 2010; McClean et al., 2012; De La Fuente et al., 2013; Mercati et al., 2013; Okii et al., 2014 Okii et al., , 2017 Gioia et al., 2019; Pereira et al., 2019) , and single nucleotide polymorphisms (SNPs; Cortés et al., 2011; Blair et al., 2013; Goretti et al., 2013; Cichy et al., 2015a; Rodriguez et al., 2016; Lobaton et al., 2018; Raatz et al., 2019) , have been used in common bean.
As a high-throughput and cost-effective technology, SNP markers have become the marker of choice for map construction, genetic diversity analysis, genome-wide marker-trait association, and marker-assisted selection (Rafalski, 2010; Cortés et al., 2011) because of their high level of polymorphism, wide genome coverage, locus specificity, better reproducibility, and fixed physical position on the chromosome (Yan et al., 2010) . As a result, it has become increasingly possible to obtain genome-wide sequence data for any crop species, including the common bean (Schmutz et al., 2014) . The sequence data are often used for the development of high-throughput and efficient genotyping platforms, such as the BARCBean6K_3 BeadChip with a large number of SNP markers (?6000) (Song et al., 2015) . The availability and accessibility of this platform gives an opportunity to conduct a genome-wide association study (GWAS) for different traits in common bean. Unlike quantitative trait locus mapping,GWAS uses an association panel that exploits all of the recombination events and provides higher map resolution, because it has smaller linkage disequilibrium blocks than biparental population mapping (Nordborg and Weigel, 2008; Myles et al., 2009) .
More recently, different GWAS studies have been conducted for the identification of genomic regions associated with different traits, including agronomic performance (Kamfwa et al., 2015a; Moghaddam et al., 2016) , cooking time , drought tolerance (Hoyos-Villegas et al., 2017) , symbiotic N 2 fixation (Kamfwa et al., 2015b) (Morini et al., 2016; Zuiderveen et al., 2016; Choudhary et al., 2018) in the common bean, but limited attention has been paid to bruchid resistance. Bean bruchid (Zabrotes subfasciatus) resistance was mapped on a gene cluster on linkage group B4 for an arcelin, phytohemagglutinin, and a-amylase inhibitor (APA) locus in biparental populations (Osborn et al., 1986; Blair et al., 2010b Blair et al., , 2010c . Arcelin is a lectin-like protein found in the cotyledons of the wild common bean, and it confers antibiosis resistance to Z. subfasciatusis by delaying adult emergence and hampering insect growth and development (Osborn et al., 1988) .
Nevertheless, beyond a few studies using ISSRs (Dagnew et al., 2014) and SSRs (Asfaw et al., 2009; Fisseha et al., 2016) , SNP-based population structure and GWAS have not been conducted with the Ethiopian common bean collections. Currently, researchers from CIAT are developing new SNP markers linked with the arcelinbased resistance genes to bean bruchid (Zabrotes subfasciatus). The objectives of this study were to examine the population structure of common bean genotypes collected from different breeding programs, bean types, and geographic regions of Ethiopia and to identify genomic regions associated with bean bruchid resistance, using SNP markers distributed across the genome of the common bean.
MATERIALS AND METHODS

Plant Material
A total of 297 common bean genotypes, consisting of 202 Ethiopian landrace collections and 95 released varieties and breeding lines, were used in this study. The landraces were collected from different ecogeographical regions, including Amhara (68), Oromiya (54), the South Nations, Nationalities, and Peoples (SNNP) (49), and Benshangul-Gumuz (13), whereas 18 genotypes were from unknown origins. The remaining 95 genotypes consisted of 27 breeding lines, 33 released varieties, and 35 lines with known resistance to the Mexican bean weevil. The released varieties and breeding lines were obtained from the Melkassa, Sirnka, and Areka Agricultural Research Centers and Haramaya University in Ethiopia. The Mexican bean weevil-resistant genotypes were obtained from CIAT in inference of the population substructure, K ranging from 1 to 10 was set up, with five independent runs for each K. The most probable value of K for each test was detected by DK (Evanno et al., 2005) , using the Structure Harvester (Earl and VonHoldt, 2011) . CLUMPP v.1.1.2 ( Jakobsson and Rosenberg, 2007) was used to find the best alignments of replicate analyses from the structure. Bar plots were generated with average results of runs for the most probable K value, using DISTRUCT v.1.1 (Rosenberg, 2003) . A principal component analysis was performed using Past version 3.24 (Hammer and Harper, 2006) 
Marker-Trait Association Tests
Single nucleotide polymorphism genotyping was conducted by using a set of 5398 SNP markers. After filtering monomorphic markers and SNPs with a minor allele frequency of <2%, only 2554 (47%) SNPs were retained for the population structure and association analysis. The TASSEL program version 5.0 was used to analyze the principal component analysis, based on the correlation matrix, kinship, and mixed linear model (Bradbury et al., 2007) . Only four principal components, which together explained 56.5% of the total genotypic variance, were used for the association analysis. To avoid cryptic errors, the kinship matrix (F) was calculated and included in the association analysis. To determine the marker-trait association, the mixed linear model was conducted according to the methods described by Zhang et al. (2010) , using the following formula:
where y is the phenotype of a given genotype, X is the fixed effect of the SNP, P is the fixed effect of population structure (from the principal component analysis matrix), F is the random effect of relative kinship from the kinship matrix, and e is for residual effects.
The false discovery rate (Storey and Tibshirani, 2003) was used for the cutoff of significant SNP markers for each trait, by using bioconductor in R (Gentleman et al., 2004) , and markers above a 2.5 logarithm of odds score were considered as significant SNPs .
RESULTS
Phenotypic Diversity
Highly significant differences (P < 0.01) were recorded among the 297 genotypes for PAE and PSWL (Table 1) . The PAE ranged from 0 to 100%, with a mean of 74.6%, whereas the seed weight loss (%) ranged from 0 to 50.3%, with a mean of 23.9%. Landraces exhibited a relatively high percentage of adult emergence and seed weight loss, compared with improved varieties and breeding lines (Table 1) . Traditionally, researchers have used morphological markers, such as hundred-seed weight (HSW) to group the gene pools. Genotypes with a HSW of <25 g are classified as Mesoamericans, whereas those with a HSW >41 g are grouped as Andeans (Singh et al., 1991) . In the present study, genotypes with an HSW of <25 g gave a significantly higher mean percentage of adult emergence and seed weight loss than genotypes with an HSW of >41 g. The percentage of adult emergence and seed Uganda, the Pannar Seed Company, and the Malawi National Bean Improvement Program. Detailed descriptions of the genotypes are presented in Supplemental Table S1 .
Phenotyping and Data Analysis
The phenotyping of the 297 genotypes was performed in the Entomological Research Laboratory at the Melkassa Agricultural Research Center, Ethiopia. Twenty grams of seed was placed in transparent plastic jars (6 ´ 7 cm), with an opening at one end for free air circulation. The experiment was laid out in a randomized complete block design, with three replications. Each jar was infested with five pairs (female and male) of newly emerged bruchids. The insects were kept in the jars for 10 d to allow oviposition, after which the insects were removed and the laid eggs were counted. The jars were observed daily, to record bruchid emergence. The removal and counting of emerged adult bruchids were done every other day, starting from the first emergence until the last emergence. Data on the number of adults that emerged were recorded and the percentage adult emergence (PAE) was calculated, based on the total number of adults emerged relative to the total number of eggs laid. The percentage seed weight loss (PSWL) was calculated by using the method suggested by Shaheen et al. (2006) . Data on PAE and PSWL were used for the association analysis. The data were transformed by arcsine transformation, prior to the ANOVA. The ANOVA was done with SAS 9.2 (SAS Institute, 2003) , and the Tukey's honestly significant difference test was used for mean comparison.
High-Throughput Genotyping
Total genomic DNA of 297 genotypes was extracted from young leaves of bean plants grown in the greenhouse at Michigan State University, East Lansing, MI. Genomic DNA were extracted using hexadecyl trimethyl ammonium bromide and following the method described by Rogers and Bendich (1985) . The concentration of DNA was determined by using a NanoDrop Spectrophotometer (ND-8000, NanoDrop Products), and the quality of the DNA was observed on a 1% agarose gel. The DNA samples of the genotypes were sent to the USDA-ARS Soybean Genomics and Improvement Laboratory (Beltsville, MD) for genotyping, using the Illumina BARCBean6K_3 SNP marker panel. A set of 5398 SNP markers distributed across the 11 pairs of common bean chromosomes were used. The Illumina BeadStation 500G was used to scan BACBean6K_3 BeadChips. Single nucleotide polymorphism calling was conducted with the genotyping Module V2011.1 of the GenomeStudio software (Illumina), as described by Cichy et al. (2015a) .
Population Structure Analysis
The Bayesian model-based clustering approach using the STRUCTURE 2.3.4 program (Pritchard et al., 2000) was applied to determine the number of gene pools in the genotypes. An admixture model with independent allele frequencies, without prior population information, was used to simulate the population. The STRUCTURE program was set as follows: a burn-in period length of 50,000, and after burn-in, 100,000 Markov chain Monte Carlo repetitions were used. This model assumes that the genome of each individual is a mixture of genes originating from K unknown ancestral populations. For joint weight loss in the genotypes under the Mesoamerican gene pool ranged from 0 to 100% and 0 to 50.3%, respectively. The range of the two traits in the Andean gene pool was from 0 to 100% and 0 to 47.2%, respectively.
Population Structure
The population structure revealed the genetic relationships and aided in genotype selection for breeding of bruchid resistance. The structure analysis, based on the Bayesian approach, grouped the 297 genotypes of the common bean into two subpopulations, according to their gene pools as Middle American and Andean at K = 2 (Fig. 1) . The first subpopulation included a total of 243 genotypes from the Middle American gene pool. This subpopulation contained 185 landraces and 58 breeding and resistant lines. The second subpopulation contained only 44 (15%) genotypes from the Andean gene pool, of which 68% were improved varieties, as well as breeding and bruchid resistant lines. Ten genotypes (three landraces and seven breeding and resistant lines) were found to constitute the admixtures of the two gene pools. The further grouping of the population at K = 3 resulted in a separation of the Middle American gene pool into two subpopulations, whereas the Andean genotypes remained homogenous.
Similar population structure patterns were also observed in the biplot of the principal component (Fig. 2) . The first two components of the principal component accounted for 52.4% of the total genotypic variation. The pattern distribution of the genotypes over the scatter diagram of the planes of the first two principal components showed a clear correspondence with their classification, based on STRUCTURE output at K = 2, Table 1 . Means (± SEM) and ranges for percentage adult emergence (PAE) and seed weight loss (PSWL) among 297 common bean genotypes that are grouped based on breeding status and seed size after infestation by bean bruchid. Max. 6.9% of the variation in PAE, respectively. Other significantly associated SNPs for the PAE were detected on the same chromosomes and explained from 5.0 to 6.9% of the variation in PAE. Studying the marker-trait association on genotypes that do not have known resistance genes may lead to the identification of additional SNPs that are highly associated with the trait. An analysis of traitmarker association was also conducted, after excluding the resistant lines to see if there were significant marker-trait associations in the 262 genotypes. Significant associations were detected between SNPs on Pv02, 09, and 10 and the PAE for all the genotypes, excluding the resistant lines. These significant SNPs explained 3.7 to 5.6% of the phenotypic variation observed in PAE (Table 2 ), but none of them was above the cutoff point (Fig. 3B ).
Percentage Seed Weight Loss
A total of 11 SNPs were identified on Pv01, 04, 05, 06, 07, and 11, with a significant trait association with PSWL (Table 3 , Fig. 4A ). The 11 SNPs in total explained about 72% of the total phenotypic variation observed in PSWL.
The most significantly associated SNP (P = 1.75 ´ 10 −5 ), in that the admixture genotypes were positioned between the Andean and Middle American gene pools (Fig. 2) . Similarly, within the Middle American genotypes, the landraces were separated from the other groups (i.e., the breeding lines, resistant lines, and improved varieties), mainly on the second axis.
Trait-SNP Association
Percentage Adult Emergence A total of 13 SNPs were detected, which were significantly (P < 0.05) associated with the PAE. Although individual SNPs explained <10% of the phenotypic variance observed in PAE, the 13 SNPs in total explained ?71% of the total phenotypic variation observed in PAE. The markers that were most significantly (P < 0.001) associated with PAE were located on Pv04 and Pv07. The list of the most significantly associated SNPs, their chromosome positions, P values, and R 2 values are presented in Table 2 . The SNP markers on Pv04 and Pv07 were significantly associated with the percentage of adult emergence (Fig. 3A) . These two most significantly associated SNPs on Pv4 (P = 2.55 ´ 10 −5 ) and Pv07 (P = 5.61 ´ 10 −5 ) explained 7.5 and , respectively, for significance, and the blue line is the p = 0.005 threshold for significance. which accounted for 7.8% of the variation observed in the PSWL, was located on Pv7. Two additional significantly associated SNPs, located on Pv04, explained ?11.3% of the phenotypic variation in the PSWL. Similarly, two more significantly associated SNPs, which explained 5.9 and 5.3% of the phenotypic variation, were identified on Pv05. Another marker located on Pv01 explained 5.5% of the variation in the PSWL. The trait-marker association was also computed independently for the 262 genotypes, excluding the 35 introduced lines with already known resistance to the Mexican bean weevil. The result led to the identification of two additional significant SNPs that were located on Pv06 and Pv11. Except for the two significant SNPs found on Pv07 and Pv11, which explained 5.6 and 5.5% of the variation in PSWL, respectively, the other SNPs showed low R 2 values (<5%) that were below the cutoff point (Fig. 4B) .
DISCUSSION
The phenotypic diversity among 297 common bean genotypes for bruchid resistance was investigated and its genetic basis was studied using the genome-wide association approach. The PAE and PSWL among the tested genotypes ranged from 0 to 100% and 0 to 50.3%, respectively, suggesting the presence of significant variation among the genotypes for the two traits. Although there was no complete resistance observed in any of the landraces, breeding lines, or released varieties, partial resistance was observed in a few genotypes, as reported by previous researchers (Schoonhoven et al., 1983; Acosta-Gallegos et al., 1998; Gallegos et al., 2008) . Complete resistance was observed in the resistance lines RAZ-2, RAZ-36, RAZ-44, RAZ-42, RAZ-11, RAZ-120 RAZ-40, MAZ-200, and MAZ 203 with a known arcelin-based resistance. Two promising entries were also identified from the breeding lines (SCR-11) and landrace collections (NC-16) of the Ethiopian collections (Tigist et al., 2018) . A comparable result was observed in genotypes from Middle American and Andean origin for the two traits, signifying the existence of adequate genetic variability within the two gene pools to support genetic improvement in the common bean for bruchid resistance. The known bruchid-resistant lines developed by CIAT, namely, resistant to Zabrotes (RAZ) and marker-assisted Zabrotes (MAZ) lines, were genotypes from both gene pools.
Understanding the genetic basis and population structure of complex traits such as insect resistance assists in the selection of desirable genotypes (Hoyos-Villegas et al., 2017) . Various studies have been conducted to analyze the genetic diversity and population structure of P. vulgaris, using different types of markers (Freyre et al., 1998; Papa and Gepts, 2003; Durán et al., 2005; González et al., 2005; Blair et al., 2010a; McClean et al., 2012; Mercati et al., 2013; Cichy et al., 2015a; Rodriguez et al., 2016; Raatz et al., 2019) . The current study explored the population structure using SNP markers and association of genomic regions with bruchid resistance in a diverse population of common bean genotypes. Although several studies have been conducted using SNP markers in the common bean, this is a first attempt to examine the population structure and marker-trait association of a large collection of Ethiopian common bean genotypes using SNP markers.
The 297 genotypes evaluated in this study were grouped into two subpopulations at K = 2, based on the Bayesian genotyping clustering approach. This was expected, given that the common bean has evolved from the two gene pools described as Middle America and Andean (Koenig and Gepts, 1989; Gepts, 1998) . The results obtained from the principal component analysis revealed a similar clustering pattern to the Bayesian genotyping , respectively, for significance, and the blue line is the p = 0.005 threshold for significance.
clustering analysis. The genetic structure identified in this study is generally consistent with the current hierarchical scheme of gene pools (Zhang et al., 2008; Blair et al., 2009; Kwak and Gepts, 2009; Cortés et al., 2011; De La Fuente et al., 2013; Cichy et al., 2015a; Raatz et al., 2019) . At K = 3, the Middle American gene pool was separated into two subpopulations, whereas genotypes of Andean origin remained homogenous. This result was confirmed by other diversity studies (McClean et al., 2004; Benchimol et al., 2007; Asfaw et al., 2009; Rodriguez et al., 2016) . More than 80% of the Ethiopian common bean genotypes were observed to be from the Middle American gene pool. Asfaw et al. (2009) also confirmed the predominance of the Middle American gene pool within the Ethiopian common bean germplasm.
The structure analysis showed that most of the largeseeded bean genotypes were varieties, as well as breeding and resistant lines. However, a few landraces from the Amhara and Oromiya regions were observed in the Andean gene pool. This might be due to the importation of seeds from abroad, hybridization between the two major gene pools, or the promotion of improved varieties as a research intervention in the regions. The majority of the admixture genotypes were from the breeding materials or resistant lines with a medium seed size. This may have resulted from artificial attempts to hybridize genotypes from different gene pools, to introgress different genes, or through natural outcrossing among the genotypes.
A genetically diverse but not necessarily interrelated or highly structured population is required to perform an efficient GWAS (Flint-Garcia et al., 2003) . The population under study needs to exhibit a high degree of phenotypic diversity. In this study, 297 common bean genotypes collected from genetically diverse sources such as landraces, released varieties, and breeding lines were included. A set of 5398 SNP markers was used, and after removing nucleotide polymorphisms with missing rates ³0.20 and minor allele frequency <0.05, a final set of 2554 SNPs was generated. The present study identified 24 SNPs that were significantly associated with PAE and PSWL. However, only those markers observed at P < 0.001 were considered as important for marker-trait association in this study. The rest of the markers with a significant marker-trait association at P < 0.05 can also be useful for future bruchid resistance breeding programs. In the present study, the most significant SNPs were identified on Pv04 and Pv07 for both the PAE and PSWL. In addition, the proportion of the phenotypic variation (R 2 > 5%) observed for all significant markers suggests their possible influence on the respective traits. In addition to the Ethiopian collections, the 297 genotypes also comprised lines (RAZ and MAZ) with a known source of bruchid resistance, which is referred to as the APA gene family. The members of the APA family provide resistance against bean bruchid and affect the survival and development of Z. subfacsiatus (Osborn et al., 1988; Cardona et al., 1989) . The presence of significant markers on Pv04 and Pv07 could be associated with the APA gene family code for a linked multigene family (Osborn et al., 1986) . Previous studies reported that, with some exceptions, the APA gene family is found in a locus on linkage group B4 of the common bean genetic map, and it has probably evolved from duplication and divergence (Suzuki et al., 1995; Freyre et al., 1998; Gepts, 1999; Lioi et al., 2003; Kami et al., 2006; Blair et al., 2010b) . The other three lectin genes (Lec-2, ) that are loosely linked are mapped to linkage group B7 (Nodari et al., 1993; Colucci et al., 1999) , and these linkage groups now refer to Pv04 for B4 and Pv07 for B7.
No SNPs were found above the cutoff point for all the traits in the 264 genotypes (genotypes excluding the resistant lines). For the 264 genotypes, the most significant SNPs for PAE were found on Pv02 and Pv10, which is different from the above result. For PSWL, three significant SNPs were identified on Pv06, 07, and 11. Kami et al. (2006) also reported that phaseolin, a seed protein, is located on linkage group B7. Previous studies on the genetic architecture of bruchid resistance in the common bean were related with the APA gene family. Blair et al. (2010b) reported that different SSR markers around the arcelin bruchid resistance locus for PAE and new SNP markers were developed for the same gene for both the Mesoamerican and Andean backgrounds (B. Raatz, personal communication, 2018) . Both these SSR and SNP markers were located on Pv04. In this study, three significant SNPs, in addition to the one identified on Pv04 for PAE, were identified on three chromosomes and explained 5.9 to 6.9% of the variation observed in PAE. The lack of strong association between PAE and the identified SNPs could be related to the sample size and status of the genotypes. In this particular study, >68% of the accession were landraces collected from Ethiopia. The power of GWAS to identify a true association between a SNP and trait is dependent on the phenotypic variance within the population, sample size, phenotypic effect size, allele frequency, and genome-wide coverage of SNPs (Korte and Farlow, 2013) . The phenotypic variance is determined by the allelic variants, the phenotypic effect, and the frequency of variant alleles in the sample. Accessions with these SNPs may be useful as parental materials even though they lack the strong resistance genes like on Pv04 and Pv07. Future studies using segregating populations at the significant SNP loci may be necessary to validate the market-trait association for PAE and determine their usefulness in breeding.
CONCLUSION
In this study, SNP markers exhibited extensive genetic variability, and two different allelic gene pools were distinguished. This suggests that SNP markers were highly valuable for distinguishing Andean and Middle American genotypes. Furthermore, the separation of the population to K = 3 resulted in a separation of the Middle American gene pool into two subpopulations. This indicated that the Middle American gene pool is more diverse than the Andean gene pool. The genetic variability information will be very critical for a robust common bean improvement program to develop varieties suitable for the different production environments of Ethiopia.
In this study, a number of SNPs were identified that are associated with PAE and PSWL on Pv04 and Pv07, which is consistent with a previous study. In addition, other SNPs were identified on other chromosomes, and the genomic region associated with these traits needs further investigation. The number of genotypes and the density of the markers were limited to identifying SNPs with smaller effects for bruchid resistance. The results of the present study can provide an important foundation for further studies to understand the genetic architecture of bean bruchid resistance, especially resistance other than from the APA gene family. The identified SNPs should be validated in different segregating populations for use in marker-assisted breeding to accelerate the genetic improvement of bruchid resistance in the common bean.
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